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[  •-  -  Abstract 

U  1 

«•  resultij  of  different  tbaoratical  aotboda  arc  coapared  la  the  analytic 

I 

of  tbroo  illustrative  probloaa.  Tbo  aotboda  lavolvod  aro:  local  deaolty  func¬ 
tional  (IDF).  X«k  lartrco-Foek,  generalised  valoaea  bond  (GVB)  aad  configura¬ 
tion  iatoraction  (Cl).  Tbo  tbroo  probloaa  coaaldorod  aro:  (1)  tbo  bondiag  of 
Moy  aad  Cr^.  (2)  tbo  photoelectroa  apoctra  of  On  clusters  aad  (3)  tbo  cbea- 
iaorptioa  of  N£)  on  Ni.  Tbo  coapariooua  provide  aov  laaigbta  both  into  tboae 
probloaa  aad  into  tbo  pbyoical  contoat  of  tbo  aotboda  oor  so.  In  tbo  caao  of 
tbo  comparison  of  studios  on  Cu  clusters,  oao  is  led  to  reinterpret  tbo  nature 
of  pbotooaisaioa  froa  aarrov  d-baads  aad  its  rolatioasbip  to  conventional  band 
theory. 
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I.  Iatrodactioa 

la  theoretical  itUiti  of  a  qsaatitative  or  seai-qaaatitative  aatar« 
which  lUrm  the  cheat sorptioa  of  atoas  or  aoleeales  on  a  aatal  aarfaca.  two 
ooaaoa  basic  approaches  art  prmatly  eaployed.  la  the  first  approach,  oae 
rsprsseats  the  aatal  aarfaoa  bp  a  alab  of  fiaita  thicksets  aad  exploits  the 
periodicity  of  the  aatal  ia  the  two  diractioas  parallel  to  the  aarfaca  to  sia- 
plify  the  calcslatioas.  Ibis  approach  iavariably  atilizas  the  local  deasity 
faactioaal  (LDF)  aathod  is  which  vsrioas  approxiaata  traataaata  of  exchaage 
aad  corralatioa  are  iapleaeated  ia  order  to  achieve  local  potcatials.  With 
aaoh  local  potcatials.  tractable  oae-eleetroa  Schrodiager  eqaatioas  are 
obtaiaed  which  caa  be  aolved  easily  by  ataadard  proeedares. 

Ia  the  secoad  approach  oae  represeata  the  aatal  aarfaca  by  a  elaster  of 
atoas.  Ia  this  approach  IDF  aad  Zs  aethods  as  well  as  the  Hartree-Fock  aethod 
have  beea  applied  to  describe  the  electroaic  atractare  of  the  elaster.  When 
eaployiag  a  fiaita  elaster.  traditioasl  it  laltlo  aethods  of  iacorporstiag 
electroaic  corralatioa  effects  ia  fiaita  systeas  caa  be  ased,  e.g.,  coafigara- 
tioa  iateractioa  (Cl)  aethods.  However,  relatively  little  work  has  beea  doae 
aloag  this  lias  for  aatal  clasters  aer  pc. 

Both  of  these  approaches  are  rather  gross  siaplif icatioas  of  the  actaal 
physical  problea.  However,  each  has  seas  desirable  characteristics  which 
woald  be  advaatageoas  to  ratals  ia  a  wore  gcacral  approach.  For  cxaaple,  the 
alab  approach  to  cheaisorptioa  does  aot  ssffer  froa  the  aadesirable  "edge 
effects"  which  caa  caasc  probleas  ia  dsater  ealcalatioaa.  Oa  the  other  haad, 
ia  the  elaater  approach  oae  caa  treat  the  eheaiaorptloa  of  a  aiagle  atoa  or 
aeleesle  rather  thaa  a  periodic  array  of  adsorbatca.  this  la  advaatageoas  ia 
dealiag  with  local  loaisatioas  aach  as  occar  ia  the  treataeat  of  core  level 
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pbotoalaatroa  iputn.  Also  vkn  ms  lag  ||  laitio  Htke4i  ii  the  clutir 
ifproiek,  laportiBt  eorralatloa  offsets  ia  tki  adsorbate  aolaeala  oaa  ba 
traatad  iipliBltly,1’*  Saab  a  strategy  eaaaot  ba  atilisad  la  tba  alab 
approaeh  or  la  alaatar  ealealatloaa  vblab  aaa  IDF  aatboda,  aa  tbara  la  ao 
kaoara  systeaatie  proeedare  for  iaprowed  trestaeat  of  eorralatloa  affaeta 
withia  tba  LDF  fraaavork.  Ibaa  tbara  raaaiaa  aoasidarabla  opportaaity  for 
aaa,  aora  flaxibla  aad  aora  gaaaral  tbaoratlaal  approaebaa  to  tba  problsw  of 
abaalaorptloa  oa  aatala. 

Nevertheless,  eoaaldarabla  laalgbt  to  a  aaabar  of  apaeifie  problaai  aaa 
ba  affordad  by  jadiciona  applicatloa  of  tba  alab  aad  alaatar  approaebaa,  ia 
apita  of  tbair  iaharaat  aborteoaiaga.  Ia  tba  followiag,  tba  diaeaaaloa  will 
ba  raatrietad  to  fiaite  ayataaa  aad  baaea  alaatar  aatboda.  Vltbia  tbia  eoa- 
tazt,  wa  viab  to  diaaaaa  thraa  apaeifie  ayataaa  ia  whieh  two  or  aora  tkeoreti- 
aal  aatboda  are  atilisad  to  iawestigate  tba  ayataa.  Aa  «a  shall  aaa,  tba 
objeetiwe  of  asiag  several  aatboda  to  atady  a  partiealar  problaa  is  that  it 
allows  oaa  to  separata  those  offsets  wbiab  are  atrietly  artifaeta  of  a  gives 
aatbod  froa  those  offsets  wbiab  aoaatitate  tbs  aaderlyiag  pbysiaa  of  tba  prob¬ 
laa.  Thus,  as  a  resalt,  wa  also  gala  slgalfieaat  aaw  laslghts  lato  tba  effi- 
aaey  of  tba  aatboda  tbaasalwaa. 

Tba  azaaplas  wa  have  aboaaa  to  disease  are:  (1)  boadiag  la  tba  Koj  aad 
Crj  diataaia  aoleeales;  (2)  tba  groaad  atata  aad  ioa  atataa  (pbotoalaatroa 
speetraa)  of  Ca  alaatara,  aad  (S)  boadiag  aad  pbotoalaatroa  apaetra  of  Ng 
ohealsorbed  oa  Hi.  Xa  tba  first  aaaa,  rasalts  of  lartree-Foek  LCAO,  geaeral- 
issd  walaaaa  bead  (CVB)-CI,  Xa-LCAO  aad  UF-LCAO  aalaalatioas  are  dlaaaaaad 
wbiab  dowoastrate  tba  iaportaaee  of  apoaifia  iatra-ataale  eorralatloa  offoata 
ia  daaaribiag  tba  boadiag  ia  Cr^.  For  tba  Ca  alaatar  esaaple,  Xa-  aaattarad 
wave  aad  lartree-Foek  aalaalatioas  are  aaaparad,  wbiab  leads  to  aaw  laalgbt 
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r*|irlla|  fkotoMitiiM  from  tkt  Cm  4-budi .  I»  til  third  ease,  a  comparison 
of  lartree-Foek  (V),  6VB  aad  GYB-CI  calcslatioas  akows  tka  importance  of 
including  certain  correlation  affaeta  aad  of  ssimg  a  representation  of  tka 
metal  vhich  allova  for  tka  alaetroaie  polarizability  of  tka  sSbstrate.  Tkaae 
examples  ara  diaosaaad  la  tara  la  tka  aazt  tkraa  aaetioaa.  Xa  tka  flaal  sec¬ 
tion,  va  draw  aoaie  general  conclusions  aad  apaealata  akoat  fatara  diraetloaa. 


XX.  Bonding  la  «o2  aad  Cr2 

Xkara  kat  kaaa  a  raoaat  aarge  of  lataraat  botk  experimentally  aad 
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theoretically  ragardiag  tka  boadlag  la  Ko2  aad  Cr2>  Thia  lataraat  doaa 
aot  derive  frcai  eatiraly  academic  lessee,  katkar.  tkaae  molacalaa  coastitste 
a  "test lag  ground"  for  tkeoretical  taokaiqaaa  vkiek  voald  prataad  to  a  gaaaral 
validity  for  larger  metal  elaatara.  Sack  teat  system*  are  particslsrly  impor¬ 
tant  .  becaase  oar  aaderstaadiag  of  metal-metal  boadlag  la  qaita  primitive  la 
comparison  to  that  ragardiag  boadlag  la  non-metal  systems. 

Xa  Table  I.  a  comps ri sob  of  varioas  tkeoretical  rasalts  for  tbe  eqaili- 
briam  boad  leagtk  aad  diaaociatioa  aaergiaa  of  Mo2  aad  Cr2  la  preseated 
together  vitk  tka  experimeatal  raises.  Poaasiag  oa  Ho2  for  tka  present,  ve 
aota  from  Table  I  that  all  of  the  aalcalatioaa  give  boad  laagtka  vithia  0.2  A 
of  the  experimeatal  valve,  vitk  moat  raaalta  giving  mack  aloear  agreement. 

Tka  STB  raaalta  also  prediat  a  aaaoad  minimvm  at  •  ).l  A.  Nose  of  tka  other 
ealeslatloss  prodsce  a  seeoadary  aaargy  miaimam  la  tkair  potential  carves. 

Ike  agreement  among  tka  raaalta  for  the  dissoatatloa  energy  la  aot  vary 
iapreeeive.  Thera  is  a  groap  of  raaalta  batvaaa  4,2  to  S.S  of,  all  from  LDP 
aalaalatioaa.  The  raaalta  from  tka  Xa  and  STB  ealealatioat  give  mack  smaller 
boad  aaergiaa.  la  vill  re tara  to  thia  point  shortly. 


I 

f 
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F*w  of  tli  Nvn  rmlti  for  Nog  ikon  la  Till!  X  nn  oktiiul  froa  IDF 
ealenlatloas.  loimr.  tliy  tap  1 07  different  bails  sots.  different  density 
faactioaals,  ate.  which  aafcss  eoapar icons  uoi|  different  aatboda  (e.g.,  GVB. 
Xa  and  LDF)  to ry  dlfficnlt  and  not  «ry  iaforaatiwe.  Ia  ordor  to  aaka  a  aora 

aaaaiaffal  eoaparisoa  between  aatboda.  we  bars  aarriad  eat  a  aarlaa  of  LDF  aad 

12  13 

Xa  ealenlatloas  asiag  tbs  aaaa  basia  aata  eaployed  la  tba  6VB  ealcnla- 

tioaa.  Thai  tba  dlffaraaeaa  la  tbaaa  raaalta  nay  ba  attrlbntad  directly  to 
tba  aatboda  aa  they  aro  aot  ooafaaad  by  ▼artoas  approzlaatioas  aada  la  tba 
laplaaaatatlon  of  tba  aatboda.  Tba  raaalta  of  tbaaa  ealenlatloas  are  desig¬ 
nated  aa  LDF-l,  LDF-2  aad  Xa  la  Table  I.  Both  seta  of  LDF  ealenlatloas  are 
based  oa  tba  alaetroa  gas  data  of  Ceperley  and  Alder14,  bat  different  pab- 
lisbod  fits  to  tbs  exchange-correlation  potential  are  need.  LDF-l  ases  tbe 
fit  of  Perdew  aad  Zaager15  aad  LDF-2  aaaa  tbe  fit  of  Vosko.  Vilk  aad  Nnsair1*. 
Tbas.  tba  oalr  difference  aaioag  tbe  LW-1 ,  LDF-2  and  Xa  ealenlatloas  is  tbe 
faaetioaal  fora  of  tbe  ozcbaage-eorrelatioa  potential  ased;  all  other  aspects 
of  tbe  ealcalatioas  are  identical.  Note  tba  aigaiflaaat  differeaee  between 
tba  LDF(1  aad  2)  resalts  aad  tba  Xa  resalte. 

We  will  foens  new  on  the  Ctj  resalts  presented  la  the  lower  half  of  Table 
I.  Note  that  bare  tba  GVB  aad  Xa  resalts  are  aot  only  qaaatitatively  dif¬ 
ferent  (i.a.,  ia  tba  walaa  of  the  bond  energy)  froa  tbe  LDF  resalts,  they  are 
qaalitatively  different  (i.e.,  large  discrepancies  ia  bond  length  aad  bond 
energy)  aad  ia  severe  diaagreeaeat  with  ezperiaeat.  As  tbe  GVB  aethod 
iaalades  lateratcaie  correlation  offeata  ia  aa  aeearete  aad  well-defined 
aaaaer,  tba  large  diaerapaaay  batweea  GVB  aad  ezperiaeat  aaggeata  that  ate ale 
correlation  effects  aay  aot  be  treated  properly,  lawiag  noted  that  tbe  GVB 
sad  Xa  resalts  are  siailar  we  aay  hypothsslae  that  tbe  GVB  aad  Xa  resalts  aay 
differ  froa  the  LOG  raaalta  beeaase  of  differeat  treataeat  of  atonic 


correlation  effects.12'1*'1*  To  toot  tkii  lypotkiiii  tor  the  UV  to  X* 

differences  i  k«ak»  ot  atonic  ealcalations  war#  performed  for  the  UP-1  ud 
12 

X«  ntkoli.  Only  tlon  resalts  tkiek  in  ueiniry  to  uki  ear  present  point 
•ro  snanarizcd  in  Takla  XI.  lovever,  la  order  to  make  tka  kay  point*  it  ia 
necessary  to  kick  ap  ali(ktly. 

Tka  groaad  electronic  eoafigaratioa  and  state  of  tka  Cr  aad  Mo  stoat  la 
SI  7 

(da)  8,  i.e.,  all  tka  spins  are  aligned.  In  order  to  fora  e  etroag 
coral ant  koad*  tka  iatra-etanic  ezckeaga  interactions  mat  bo  anallar  tkaa  tka 
interatomic  energy  lowering  afforded  by  tka  overlap  of  orbitals  on  different 
sites.  If  tka  atomic  azckaaga  interaction  is  orex-est lasted  by  tka  tkaory  (ia 
comparison  to  experiment) .  it  will  radnca  tka  tendency  for  a  strong  bond  to 
fon.  In  tka  formation  of  a  coral ant  bond  tkere  are  two  components  wkicb  con- 
tribata  to  tka  binding  energy,  a  coral ant  component  and  an  ionic  component.1* 
Tka  ionic  component  aatarally  Inc lade a  terms  wkiek  are  intra-atomic  ia  aatnre. 
Again,  if  tkese  tanas  arc  oror-ostinated  by  tka  tkaory  strong  bond  formation 
will  be  jeopardised.  We  will  refer  to  tkese  two  atomic  affects  as  tka 
czckangc  offset  aad  tka  ionic  effect,  rcspectiwoly. 

te taming  to  Table  II  and  keeping  ia  mind  that  it  ia  tka  d-eleetrons 
wkiek  are  important  ia  forming  a  strong  bond,  we  sec  that  the  importance  of 
tka  ezekaage  effect  can  be  estimated  by  the  energy  needed  te  ge  from  tka 
groaad  state  to  the  s*d**d*  eoafigaratioa.  Likewise,  tka  importance  of  the 
ionic  effect  can  be  estimated  from  tka  energy  refaired  te  ezeite  an  electron 
from  the  groaad  state  te  tka  d*fd*  eoafigaratioa.23  Per  the  ease  of  Mo^.  both 
LDP-1  and  Za  aaderestiaate  the  ionic  effect  when  compared  te  ezperimeat.  For 
the  ezekaage  effect,  both  methods  slightly  overestimate  the  energy.  There  is 
nothing  dramatic  here  te  interfere  with  bonding  sad  both  methods  predict  a 
strong  mnltiplc  bend  with  the  UP  living  a  consider ably  higher  bead  energy. 
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Hi  aitaatioa  la  (liti  <i((nnt  koimr.  ta  tki  un  of  Ctj.  Iin  «• 
hi  fria  Tibli  XX  tilt  tki  Xa  Mtlod  il|iifiuatlx  onriitiutii  kotk  tki 
ixeluii  ial  ioaic  iffieti  nith  tli  remit  that  it  doea  aot  yield  a  atroat 
ml tipi •  toad,  nalike  tka  LOP  aitkod.  That  va  kava  traead  tka  failara  of  tka 
Xa  aethod  ia  qealitatively  deacribiag  tka  Cr^  koad  to  tka  oaereatiaatioa  of 
eoae  atoaic  alaetroaie  iataraetioa  eaergiea,  i.a.,  to  atoaic  oorralatioa 
affaeta.  Pig.  1  ehovs  tka  biadlag  carve a  det era lead  froa  tka  OVB,  IDF  aad  Xa 
aetkoda;  all  oalealatioaa  aaad  tka  aaaa  baaia  aat. 

Tka  problaa  ia  tka  OVB  aalaalatioa  kaa  baaa  idaatifiad  aa  tka  overestiaa- 
tioa  of  tka  ioaic  effect. 1S.1®  fact,  tka  energy  of  tka  d^d*  configuration 

ia  1.2S  aV  kigkar  tkaa  tka  Xa  reealt,  giving  a  raaalt  vkiek  ia  nearly  9  aV 
kigbar  tkaa  experiment.  Tki*  ia  raapoaaibla  for  tka  laok  of  a  atroag  aaltiple 
bond  ia  tka  OVB  oalealatioaa  for  Ctj.  Xf  tkia  problaa  ia  corraetad,  a  binding 
carve  ia  obtained  vkiob  ia  qaalitatively  aiailar  at  aaall  k  to  tka  LDP 
raaalta,  i.a.,  a  atroag  aaltiple  bond  ia  foraed  with  lf  -  1.7  A.1*’1*  lovavir , 
tka  pravioaa  ainiana  at  aroaad  9.1  A  raaaiaa  aad  baceaes  a  aacoad  (local) 

7 

aiaiaaa.  Bacall,  tkat  a  aacoad  ainiana  vaa  also  foaad  ia  tka  aaaa  of  Hog. 

Tkaa  at  large  K  there  ia  a  diacrepaacy  batvaaa  tka  OVB  aad  LOF  raaalta.  If 
theae  aacoad  aiaiaa  at  large  t  arc  aerified  experimentally,  the  problaa  of 
apia-oompliag  ia  LOF  aetkoda  nil 1  have  to  be  addreaaad.  It  ia  alaar  ia  tka 
ooataxt  of  tka  OVB  aethod  tkat  tka  two  ainiaa  ariaa  bacaaaa  of  ckaagaa  ia 

7 

apin-coapliag  aa  a  fane t i on  of  1.  loaever,  theae  affaeta  arc  not  incladad  in 
the  UP  aetkod.  aad  it  ia  mot  ebvioaa  at  preaaat  kea  tka  aatkod  aoald  be  modi¬ 
fied  to  iaclade  tkaa. 

Tkaa  froa  a  ayateaatie  ccapariaoa  of  raaalta  froa  aavaral  aetkoda,  one 
can  learn  aot  only  eoae thing  cheat  bonding  la  le}  aad  Cr},  bat  alao  acne tkiag 
aboat  the  aetkoda  theaeelvee.  Va  have  aaaa  tkat  the  Xa  and  OVB  aetkoda 
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•rtmttuti  steals  coal cab  latnutlNi  (ionic  affect)  leading  (it  the  eaaa 
of  Crj)  to  tka  failure  to  for*  a  strong  aultiple  bond.  Tka  LDF  aatkoda,  on 
tka  other  knnd,  ua  apparently  able  to  properly  aeeonat  for  tkie  interaction; 
however,  it  ia  far  froa  transparent  kot  tkie  ia  accoaplisked.  Ike  6VB  aetkod 
aan  taka  aaaonnt  of  changes  in  spin-coup 1 lag  properly*  whereas  tka  U>F  cannot. 
One  advantage  tkat  tka  gfe  Initio  aatkoda  have  over  tka  LDF  aatkoda  ia  tkat 
they  are  anaeaptikla  to  ayeteaatie  iaproveaents. 

III.  Ioniaation  froa  Cs  Clnatara:  Iaplications  Regarding  Band  Tkeory 

One  of  tka  prineipal  experimental  probes  of  tka  electronic  structure  of 
aetal  surfaces  and  ebaaisorbad  spaoiaa  on  aatala  is  pbotoelectron  spectros¬ 
copy.  As  tka  aatal  is  frequently  represented  by  a  cluster  of  atoas  in 
theoretical  work,  it  is  therefore  of  interest  to  study  the  ground  state  and 
•».  ion  states  of  aetal  elusters  in  order  to  see  if  we  can  learn  kow  ionisation 

froa  suck  clusters  is  related  to  ionisstion  (photoeaission)  froa  the  aetal 
surface. 

Although  everyone  recognises  tkst  the  energy  of  a  pbotoelectron,  IEj,  * 
Hk)-AE|.*  aeasures  the  difference  in  the  ground  state  and  ftT  (k**)  ion  state 
total  eneraies  (AB^)  for  a  given  pboton  energy*  this  ia  often  too  readily  for¬ 
gotten.  The  problea  is  the  ease  with  whick  one  ean  lapse  into  thinking  in 
tense  of  one-electron  theory,  lore  one  often  iaagiaes,  on  the  basis  of  acae 
aol ocular  orbital  or  band  structure  calculation  for  the  ground  state*  tkat  one 
la  aeasuring  the  binding  energy*  asswed  equal  to  an  orbital  energy  Is^l *  of 
an  electron  in  eeae  one- electron  orbital  Ivan  'when  "relaxation  of feats" 
are  taken  into  account,  the  aental  picture  aay  be  one  in  which  one  aiiaei 
that  the  binding  energy  will  he  decreased  froa  its  value  Ic^l,  due  to  fiaal 
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(1m)  itit*  electronic  relaxation,  bat  that  tfca  general  pietara  is  otharvisa 

eorraat.  Indeed,  oaa  frequently  fiada  that  this  is  s  vary  asafal  sad  even 

fairly  aeearate  way  to  thiah  about  the  photoaaiaaioa  proaaaa.  lovever.  it 

AmK  ba  apparaat  that  this  approaeh  cannot  ba  azpaeted  to  ba  gaaarally 

▼slid,  la  fact*  there  arc  aa  increasing  auabar  of  iastaaeaa  where  the  idea  of 

alaetroaic  ralaxatioa  (which  aaaaa  to  aoaaota  a  aodast  change  ia  alactroaic 

structure  batvaau  the  ground  state  aad  ioa  state)  aay  ba  aora  appropriately 

raplaead  by  the  idea  of  electronic  raoraaaiaatloa  (by  which  wa  wish  to  aoaaota 

23 

a  asjor  ahaaga  batwaaa  the  ground  state  aad  ioa  state.) 

Certainly  for  delocalized  electrons  ia  aztaaded  systeas.  especially  ia 
the  ease  of  the  valence  alactroas  of  aatsls  (delocal izat ioa  is  explicitly 
assaaed  ia  baad  theory),  the  ralaxatioa  affaets  will  be  negligible.  Thus,  in 
band  structure  ealeulatioas  for  aatals,  wa  aight  expect  that  the  eeaputed 
eigenvalues  (orbital  aaergies)  would  aaeurately  represeat  the  relative  ioniza¬ 
tion  aaargias  of  the  aetal  to  the  axtaat  that  one-electron  band  theory  is  ade¬ 
quate.  Ia  fact,  such  ccapar Isons  between  photoeaission  results  aad  band 

24  25 

structure  ealeulatioas  for  Cu  (as  wall  as  aaay  other  natal s)  have  been 

aada  aad  the  agraeaeat  is  rather  good,  although  diserapsaeics  have  been  noted 

25 

aad  tha  possible  iaportance  of  ralaxatioa  affaets  has  bean  raised. 

There  is  a  faadaaeatal  problaa.  however.  Baad  structure  ealeulatioas 
invariably  use  LDF  (or  Xa)  nethods  aad  there  is  no  theoretical  juatifieatioa 
ia  these  aethods  for  identifying  the  absolute  values  of  the  oae-eleetroa  eaer- 
gioa  (orbital  aaergies)  with  experiaeatal  ionization  aaergies.  Although  the 
praetiee  ia  eoaaoa  aad  so was  to  be  justified  if  faefo  by  its  aueeess.  the 
question  r oaa las:  why  does  it  work) 

Ia  order  to  gala  aeae  insight  about  the  problea,  we  will  iavestigate  the 
differences  between  Xe-seattered  wave  (St)  results27 aad  lartree-Foek  (IF) 
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results  *  for  Cu  clusters.  la  Fig .  2  tki  orbital  aaergiaa  fro*  tba  two 
methods  ara  preseated  for  Ci3.  wbieb  ooaaiata  of  a  eaatral  atom  surrounded  by 
ita  12  aaaraat  aaigbbora  (1.0. ,  tba  looal  oaTiroaaiaat  of  tba  fee  lattice).  la 
ftbeae  aoleealar  orbital  ealcalatioaa  tba  orbitals  are  symmetry  faactioaa.  jast 
ac  are  tbe  Bloeb  faactioaa  of  bead  theory.  Therefore,  tboae  orbital a  wbieb 
involve  the  12  aearest  aeigbbor  atoaa  are  forced  to  be  delocalised  over  this 
set  of  equivalent  sites.  For  eaeb  ease  ia  Fig.  2,  tbe  sad  e(  levels  are 
largely  localised  oa  tbe  eeatral  Ca  atom.  Tbe  solid  bosed-ia  regioas 
represeat  the  energy  range  in  which  tbe  coabinations  of  d-orbitals  on  the  12 
nearest  neighbors  are  foaad  (ana logons  to  tbe  d-bands  of  tbe  metal) .  The  two 
dashed  lines  in  each  case  represent  tbe  extremities  of  the  occapied  s-like 
orbital  combinations.  Ia  the  HF  results  tbe  a-  and  d-like  levels  are  virtu¬ 
ally  disjoint,  whereas  ia  tbe  Xa-SW  resalts  tbe  s-like  levels  totally  overlap 
the  d-like  levels.  The  latter  sitaation  is  much  like  that  obtained  froai  band 
stractare  ealcalatioas.  Furthermore,  if  one  assumes  that  relaxation  effects 
are  small  and  that  one  eaa  ase  tbe  orbital  energies  to  eompare  with  photoelec¬ 
tron  spectra,  tbe  Xa  resalts  reflect  tbe  Ca  metal  experimental  distribution  of 
levels,  whereas  tbe  HF  results  do  not.  Ibis  is  ratber  a  carious  sitaation 
because,  as  we  have  pointed  oat  above,  tbe  assumption  regarding  tbe  interpre¬ 
tation  of  tbe  la^l  as  ionisation  potentials  ia  tbe  Xa  theory  eannot  be  justi¬ 
fied,  whereas  ia  tbe  HF  theory  this  interpretation  is  perfectly  valid  (Koop- 
maas'  theorem)  as  long  as  tbe  relaxation  offsets  are  small.  For  tbe  d-levels 
in  tbe  boxes  ia  eaeb  ease,  tbe  relaxation  offsets  are  very  small  beeaase  of 
tbe  delocalisation  of  tbe  eleetroas  over  tbe  12  equivalent  sites.  Thus  for 
tbe  ease  where  we  eaa  legitimately  eompare  tbe  levels  with  photoemissioa  data 
(IF  ease),  tbe  elaater  results  do  aot  assemble  tbe  metal,  yet  for  tbe  Xa  ease 
where  we  eaaaot  validly  make  this  comparison  tbe  results  very  much  resemble 
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til  sitaatioa  la  tki  aitil. 

A  eomaliit  V17  to  oibtaia  corrected  oaa- electros  aaargiaa  for  tli  Za  tad 
LDF  methods,  vkieh  aro  iaterpretable  la  taraa  of  ioaiaatioa  aasrgies  ia  the 
Slater  traaaitioa  atate  procedure.*1  Vhea  this  ia  dome,  there  ia  aa  overall 
shift  of  tki  oaa-alactroa  1 oral  a,  bat  tba  relative  poaitioaa  of  tka  a-  aad  d- 
lika  levels  reaaiaa  esseatially  tka  aaaa.  Ikaa  tkara  raaaiaa  a  faadaaaatal 
diffaraaca  batvaaa  tka  HF  aad  Za  raaalta. 

Tba  raaolatioa  of  tbia  diffaraaca  for  tka  Co  claatara  caae  vkan  it  vaa 

realised1*  that  ioaiaatioa  froa  localised  d-like  orbitals  (atoaiic  Ilka)  would 

sigaif icaatly  ohaage  tka  relative  d  aad  a  ioaiaatioa  aaargiaa  of  tba  HF  ealca- 

32 

latioaa.  Similar  coaclaaioaa  for  Ni  claatara  vara  slant taaeouly  raaekad. 

Lat  aa  focaa  oa  tba  HF  raaalta  for  d-lika  orbitala  (tka  boa  ia  Fig.  2)  iavolv- 
iag  tka  tvalva  equivalent  Ca  atcaa.  If  va  do  aot  force  tka  orbitala  to  ba 
symmetry  adaptad  (i.a.,  dalocalisad  over  tkia  cat  of  atcaa)  bat  ratbor  "break” 
tka  ayanetry  ao  aa  to  allow  ioa  atataa  to  have  local iaad  d-kolaa  if  it  ia 
aaergetically  favorable,  tkaa  va  fiad  tkat  tka  d-kolaa  (aalika  tka  e-lika 
holaa)  bacoae  atroagly  localised.  Thera  are  eoacoaitaat  large  ralazatioa 
affects,  aaovatiag  to  4-3  aV  ia  eaergy,  which  radaca  tka  Eoopauas*  tkaoraa  d- 
lika  ioaiaatioa  aaargiaa.  However,  oaa  ao  loagar  kaa  a  oaa-alactroa  aaargy 
which  oaa  ba  related  to  tka  ioaiaatioa  aaargy,  rather  oaa  ml  coasider  tka 
diffaraaca  ia  total  aaargiaa  betveca  tka  groaad  atata  aad  ioa  states,  AE^,  to 
Obtaia  tka  ioaiaatioa  aaargiaa.  If  oaa  vara  to  plot  a  diagraa  siailar  to  Fig. 
2  for  tka  symmetry  aaraatrictad  HF  raaalta,  azeapt  that  tka  AB^  are  aaad 
rather  tkaa  the  orbital  aaargiaa,  aa  ioaiaatioa  aaactraa  woald  resalt  ia  vkiek 
the  d-lika  ioaiaatioa  aaargiaa  are  aoaplataly  overlapped  by  tka  e-like  ioaiaa¬ 
tioa  eaergies.1*”*1  Ia  tkia  regard  tka  aalaalatad  spectra*  looks  vary  siailar 
to  tkat  of  tka  Za-SW  resalts  ah ova  ia  Fig.  2. 
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la  spit*  of  kiTit|  ickiiTtd  till  i|ri«nt  bittm  tki  ioaisatioa  iptctn 
of  tk*  two  aethods  »<  tk«  similarity  of  kotk  results  with  tk*  pkotooaissioa 
rosmlts  of  tk«  astal,  tkir«  is  still  a  difference  ia  tk*  physical  picture  pro¬ 
vided  by  tk*  two  aotkods  witk  regard  to  tk*  ioaisatioa  process.  Xa  tki*  ab 
laitio  appro* ck  (syoaetry  aar*strict*d  IF)  earn  aast  wiaw  tk*  ioaisatioa  of  d- 
•lectroas  as  aa  essentially  localised  process,  largely  coafined  to  a  siagle 
atoa.  Oa  tk*  otkor  kaad,  tkc  Xa  or  LDF  aolecmler  orbital  claster  approack  or 
kaad  tkeory  approack  traditioaally  view  tk*  ioaisatioa  as  delocalised  ia  wbick 
aa  electron  is  removed  from  aa  esteaded  regioa  ia  space  (a  syaaetry  or  Block 
orbital) . 

It  taras  oat  tkat  ia  tkc  Xa  (or  LDF)  aetkod,  tkc  orbital  eaergies  give 

appareat  agreeaeat  witk  tke  ezperiaeatal  ioaisatioa  speetrasi  becaase  two 

28 

energy  coatribatioas  are  ignored.  Tke  first  is  an  electron  self-energy  con¬ 
tribution  and  tk*  second  is  tkc  relasatioa  energy.  If  sywaetry  is  broken  ia 
tk*  Xa  ealcnlatioas  sad  the**  two  energy  coatribatioas  are  taken  into  accoaat 
explicitly,  oa*  finds  tkat  tke  two  eoatribatioas  are  of  opposite  sign,  bat  of 
roagkly  tk*  saa*  aagaitade,  prodacing  a  sear  cancellation  of  tk*  too  ener¬ 
gies.2*  Tke  pkysieal  effects  associated  witk  tkes*  energy  coatribatioas  how¬ 
ever  cannot  be  ignored. 

The  laplicatioas  of  tkes*  claster  resalts  are  clear:  ioaisatioa  of  d- 
•leetroas  froa  C*  is  localised  aad  tke  resaltiag  electroaic  relasatioa  effects 
are  large  (4-5  *Y).  V*  be liere  this  is  directly  raloraat  to  tke  physical  pie- 
tar*  ia  tk*  aetdl  aad  tkat  it  challenges  the  traditional  wiew  regardiag  kaad 
theory  aad  tho  interpretation  of  photoeaissioa.  Xa  fact,  tk*  discrepancies 
already  aoted25  between  kaad  tkeory  roanlts  aad  pkotooaissioa  eaperiaeats  oay 
have  their  origin  ia  the  effects  w*  haws  Just  discussed. 


XV.  Nj  Cktaiiorttd  oa  Ni:  loading  and  Tilnci  Photoemissioa 

Hm  aitrogoa  aoloealo  oiwiiorbi  nikly  oa  Ni.  having  aa  adsorption 
energy  of  O.Sd  eV  for  Ni  (110)**  and  -  0.S  aV  for  the  Ni  (100)®*  aarfaoo.  It 
ia  known  to  be  oriaatod  with  its  iataraaelaar  axis  perpendicular  to  the  sur¬ 
face.**'**  Under staadiag  the  nature  of  the  Nj  to  Ni  euhetrate  hoad  involves 
three  issues  which  are  usually  raised:  (1)  whether  Ni  d-electrons  are  involved 
ia  the  bonding,  (2)  the  extent  of  e-bonding  between  a  nitrogen  lone  pair  and 
the  metal,  and  (3)  the  extent  of  x-bonding  between  the  natal  and  the  Ng  2u 
orbital  (which  is  unoccupied  ia  the  gas  phase) . 

Through  aa  extensive  series  of  gfe  initio  escalations  for  N2  oa  a  variety 
of  clusters  we  have  attempted  to  address  these  questions  as  well  as  the  nature 

of  the  final  atates  ia  core  and  valeace  level  photoeniesioa  and  the  vibre- 
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tioaal  frequencies  sad  intensities  of  Nj  oa  Ni  ia  a  consistent  franework.  In 
the  present  discassioa  we  shall  focus  oa  results  for  two  linear  clusters.  Ni- 
Ng  and  Nij-Rj,  because  a  amber  of  the  essential  physical  points  can  be  illus¬ 
trated  without  getting  into  too  aaay  details.  Likewise,  we  shall  restrict  our 
reaarks  here  to  the  nature  of  boadiag  ia  the  ground  state  and  a  discassioa  of 
the  valeace  photoelectroa  spectrun. 

At  the  outset  it  should  be  noted  that  if  oae  wishes  to  disoass  the 

valeace  ionisation  apeetran,  the  lartree-Fock  method  is  inadequate  as  it  gives 

17 

the  inoorreet  order  for  the  In  and  So  ioaixatioa  energies  ia  the  gas  phase. 

In  order  to  eorreet  this  problem  the  n-electroas  of  N^  net  be  correlated. 

The  aimpleat  wave  fraction  which  accomplishes  this  is  obtained  from  a  Wb- 
perfect  pairing**  aalenlation  for  the  two  n  pairs.  A1  terns tively,  one  might 
nae  the  b  or  LOP  methods  which  give  the  eorreet  ordering. 

Xegarding  the  bonding  of  Nj  to  Ni.  the  first  point  to  be  addressed  is 
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that  of  tt«  participation  of  tk*  Ni  d-electroae  in  tit*  bonding.  Ail  point 
•an  ba  examined  by  treating  tba  Ni  a tea  at  two  lava la  of  approximation  axing 
affective  potantlala.  Tba  firat  affactive  potantial  ia  tba  aoiifiid  effective 
potaatial  (HEP)*®'*®  is  obieb  tba  tan  valance  alactrona  ara  •xplieitiy  coa- 
aidarad.  Tba  aaeoad  potaatial  ia  tba  d*-avaraged  HEP**  ia  which  tba  local ixad 
Sd  alactrona  ara  incorporated  into  tba  potaatial.  leaving  oaly  tba  4a  electron 
to  ba  conaidarad  axplieitly.  For  a  doable  acta  baaia  eat  and  treating  corre¬ 
lation  in  tba  three  bonding  paira  at  tba  6VH-PP  level  for  tba  Ni-N^  clns- 
tar,  both  calculation*  give  a  binding  energy  of  approximately  0.03  aV.  Tbia 
•hows  that  tba  dn-bonding  interaction  ia  negligible.  However,  tbia  email 
binding  energy  load*  to  tba  next  qaestion:  vby  ia  tba  o-boadiag  interaction 
for  Ni-Nj  »o  anal IT 

Conaidar  tba  HJ-IL  bond  being  formed  from  a  lone  pair  on  tba  cloaaat  N 
atom  overlapping  with  tba  Ni  4a  orbital.  Clearly,  tbia  ia  not  a  very  favor¬ 
able  aitnation  for  forming  a  two-electron  bond.  In  order  to  form  a  dative 
bond  between  tbe  Ni  and  N^  it  ia  aeceaasry  for  tbe  Ni  4e  electron  to  be  able 
to  move  oat  of  tbe  way  ao  that  tbe  lone  pair  ean  experience  a  aaclear  attrac¬ 
tion  from  a  leaa  scraanad  Ni  atom.  It  ia  vary  difficult  for  a  aiagle  Ni  atom 
to  exhibit  aafficient  polarization  to  aacompliab  tbia  affectively.  However, 
is  a  larger  elaeter  or  os  tbe  metal  aarfaoe  tbia  polarization  ean  be  aecom- 
pliabed  more  readily,  k  simple  ease  which  ezbibita  tbe  effect  ia  tbe  linear 
Mij-Ng  alaatar. 

For  tbe  linear  Nij-Hj  ealcalationa  tba  d®-*veraged  IBP  waa  need  for  tba 
Mi  sterna.  That  in  tbaae  ealcalationa  we  isolate  tbe  o-bomdiag  aampoaaat 
exclasively.  That  ia,  no  dn-bonding  ia  potalbla  (altboagb,  is  foot,  it  ie 
negligible)  baaaaaa  of  tba  affaativa  potential  need  and  ao  other  n- 
iataractioas  are  poaaible  (becaase  tbe  4p  orbital*  era  wnoceapied  in  tbe  Ni 
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ataa)  u  oo*14  possibly  occur  vitb  larger  clusters  coataimlag  several  aurface 
a teas.  The  calculated  biadiag  eaergy  la  O.S  cV  aad  the  polariaatioa  of  the 
"surface*  Mi  a toa  ia  observed.  Ia  order  to  assess  the  iaportaacc  of  *-boadiag 
betweoa  the  actal  aad  the  2a  orbital,  larger  clusters  asst  be  studied.2 
The  results  of  these  calculatioas  show  that  such  a-iuteractioas  arc  aegligi- 
ble.  Thus,  the  eoaclssioa  is  that  the  boadlag  ia  aickcl-N^  eheaisorptioa  is 
doaiaated  by  o-boadiag.  A  aiailar  eoaclasioa  vas  reached  for  the  ease  of 
00/Cu(100)  usiag  Xa-SW  ealeulstioas.42 

Kesults  for  the  valcaee  ioa  states  are  preseated  ia  Table  III,  agaia 
based  oa  the  Ni^-Ng  elaater  ealeulstioas.  Ia  the  grouad  state  the  2a  level  of 
Nj  is  uaoeeupied.  Whoa  a  ▼aleaee  electros  is  ioaited  (i.e.,  ioaixatioa  freai 
So,  1*  or  do)  two  possible  fiaal  states  are  iaiportaat  ia  each  ease.  Coasider, 
for  ezaaple,  ioaixatioa  froa  the  So  orbital.  Xa  this  ease  the  too  fiaal 
states  are:  (1)  aa  eleetroa  is  ioaixed  froa  the  So  aad  aa  electros  is 
traasferred  frea  the  aetal  to  the  2a  orbital  of  -  this  fiaal  state  is 
desigaated  as  (So)#  2  where  the  subscript  deaotes  that  the  ioa  is  aereeaed, 
aad  (2)  aa  electros  ia  ioaixed  frea  the  So  aad  so  charge  traaafer  takes  plaee 
-  this  fiaal  state  is  desigaated  as  (So)  ~2.  The  agreeasat  betweoa  the  sale*- 

M 

lated  values  aad  the  experiaeatal  ioaixatioa  eaergles  for  the  H^/NidlO)  ays- 
tea  is  «*ite  good. 

Although  previous  gfe  ialtio  ealeulatious  have  bees  carried  out  for  the 

Mj/Nl  systea,42  they  have  saployed  aa  Ni-Nj  cluster  aad  the  lartree-Fock 

aethod.  The  defieieaeiea  of  this  approach  are  sppareat  frea  the  diseusaioa 

above.  Thus  it  is  sot  surpriaiag  that  the  eoaelusioas  of  thia  previous  work 

2 

are  at  odds  with  the  preseat  study. 
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T.  8aamary 

Iki  tin*  problems  «i  Iit*  diseassed  dwoutrit*.  tm  ou  way  or  aaotber. 
the  iaportaace  of  alaetroaie  localiaatloa  aad  eorralatioa  affaeta.  It  woald 
appear  that  tiara  ara  a  wida  variety  of  problems  la  earfaee  aaiaaaa  aad  ia 
olaatroaia  atraatara  theory  ia  geaaral  for  viiei  these  affaeta  aaaaot  be 
igaorad.  The*,  wore  sophisticated  approaohas  to  alaetroaie  atraatara  bayoad 
the  traditioaal  wolaaalar  orbital  aad  baad  atraatara  methods  will  ba  aecessary 
ia  the  fat ara.  For  fiaita  ays taw a  aaah  approaahas  ara  alraady  available  aad 
ara  eigaif ieaatly  aoatribatiag  to  oar  aaderstaadiag. 

A  eraeial  aspaet  of  aethoda  viiei  iaeorporate  eorralatioa  affaeta.  all 
too  oftaa  aeglected.  ia  their  ability  to  provide  staple  physieal  pietaras 
vhieh  eaa  ba  asad  to  thiah  aboat  ralatad  problems  where  detailed  ealealatioaa 
have  wot  baaa  performed.  It  ia  this  aether's  opiaioa  that  it  will  bo  those 
methods  vhieh  address  this  eritieal  issae  vhieh  will  become  the  staadard 
approaches  ia  the  aezt  geaaratioa  of  alaetroaie  atraatara  theory. 
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TABLE  I.  Coaptriiot  of  Kmlti  for  BOj  ltd  Cfj. 


Molooal* 

Botbod  Boad  Li*|tl  (A) 

Boad  Eaorgy  («V) 

*2 

CVB* 

1 .97 

1.40 

(3.09)* 

(0.49)* 

■F* 

o  o  o 

>9  «V  aaboaad 

LDFb 

2.1 

4.2 

LOT® 

1.93 

4.33 

LDF-ld 

1.96 

3.33 

LDF-2d 

1.96 

4.97 

Xo4*® 

2.11 

3.34 

Expt. 

1 .92* 

4.20* 

*2 

CVB®’b 

3.06 

0.35 

m1 

O  O  0 

>20  *V  aaboaad 

Xa-D®'1 

2.73 

1.0 

u*b 

1.7 

2.9 

LDF® 

1.7 

1.8 

LDF-ld 

1.6S 

2.89 

LffiF-24 

1.61 

2.38 

Xo4*® 

2.53 

0.49 

Bxpt. 

1.68* 

1.56* 

*  tiooij  aialan 

■  it  lit«i|  ttm. 

^tof.  7. 

®Iitb  a*0 .70. 

*»of.  11.20. 

*fcof.  10. 

flof.  5. 

JKof.  3. 

H»f.  » . 

Hof.  17. 

*l#f.  19. 

^of.  12.  Wl. 
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TABLB  11.  CtU*ltt«<  lur|iii  of  Tiriou  Ho  oaf  Cr  At  os 

foroA  to  tki  OrosaA  ttoto  (is  oT) . 

ic  Cosfigmrotioso 

Atos  Coaf igmratlom 

LOT-1 

Zs 

lift* 

Ho  .V# 

0.0 

0.0 

0.0 

•W 

2.96 

2.91 

2.2 

a5V 

1.16 

2.4* 

9.2 

Cr  o,d5t 

0.0 

0.0 

0.0 

•W 

2.96 

4.11 

2.7 

4*V 

4.96 

5.04 

4.4 

**«f.  21. 


Table  III.  Ioaixatioa  Eaergiea  (eV)  for  Ng  Cknliorkd  oa  Ni. 


Bxperiaeat* 

Iliory 

Ioaixatioa  Eaergy 

Ioaixatioa  Eaergp 

Aasignaeat 

12.  • 

12.6 

(lx>#_1 

13.1 

13.6 

(5 o)~X 

Id. 8 

18.1 

(4o)  _1 

ft 

15.8 

16.3 

(So)  _1 

V 

17.5 

17.2 

(lx)  -1 

V 

20.1 

(4o)  “2 

It 

*Exper iaental  fata  ara  froa  Bora  li  |1.**  for  Ng/Ni(110)  a ad  art  relative  to 
tha  vacaaa  with  a  work  faactioa  of  S.O  aV. 


''Calculated  at  tha  6VB-CI  level  with  the  reatrietioa  that  ezeitatioaa  iato 
differeat  ayaaetriea  and  betweea  Nig  aad  Nj  are  aot  allowed.2  I(Ni-N)-l  .99A, 
I(N-N)»1 .14A,  aad  B(Ni-Ni)«2 .49A.  Baaia  aeta  are  doable-seta  plaa  polarixa- 
tioa  for  aad  d*-averaged  MEP-2 a2p  for  Ni.  la  tha  charge  traaafer  atatea 
(labela  with  eabacript  a)  oae  of  the  2x  orbitals  la  eiagly  oceapied  (bp  exci- 
tatioa  from  Nig) .  Ioaiaatioa  eaergiea  are  refereaeed  to  the  ealcalated  groaad 
state  of  Nig)^  (Ni  4pa  orbitals  are  aot  oceapied). 


Pifiri  Captions 


Pit.  1 

Theoretical  rosnlta  for  tki  Cr^  aolecsle.  Binding  corves  for  til  UP-1  aotfcod 
(triangles).12'12  the  LBF-2  aotfcod  (X'a).12  tfco  Xo  aotfcod  (s^nares)12,12 
and  tfco  GVB  aotfcod  (circles).2  All  ealcnlationa  naod  tfco  aaae  gaoasian  baait 
oats. 

Fig.  2 

Coapariaon  of  orbital  anorglos  for  Ca^  aa  dotorainod  bp  tfco  Bartroe-Fock 
aotfcod29  and  tfco  Xa-SW  aotfcod27.  Tfco  energp  oztont  of  tfco  d-like  orbital  a  in 
aacfc  ease  is  shown  bp  tfco  solid  box.  Likewise  tfco  extent  of  tfco  s-like  orbi¬ 
tals  is  denoted  bp  tfco  dssfced  linos.  For  tfco  HF  resnlts  there  is  virtnallp  no 
overlap  between  tfco  s-like  sad  d-liko  states.  For  tfco  Xa-SW  resnlts,  tfco  d- 
liko  states  are  eoapletelp  overlapped  bp  tfco  s-like  states. 


